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Abstract
Escherichia coli strains of non-EPEC serotypes that carry eae and lack the EAF and the Shiga toxin (stx) gene sequences have been found
in acute diarrhea. Both the cell association and the cell entry of these strains in human intestinal epithelial cells were studied as a function of
cell differentiation and polarization. The eae+/EAF3/stx3 non-EPEC E. coli strains invaded undifferentiated Caco-2 cells more efficiently
than differentiated cells. In contrast, prototype EPEC strain E2348/69 did not show significative differences from invasion rates of
undifferentiated and differentiated cells. The uptake of these strains was greatly enhanced by pretreatment of differentiated Caco-2 cells
with EGTA. These results suggest that the eae+/EAF3/stx3 non-EPEC E. coli invasion of intestinal cells may be dependent on receptors
expressed on the surface of undifferentiated cells and the basolateral pole of differentiated cells. ß 2001 Published by Elsevier Science B.V.
on behalf of the Federation of European Microbiological Societies.
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1. Introduction
Enteropathogenic Escherichia coli (EPEC) is responsible
for severe infantile diarrhea and remains a leading cause of
morbidity and mortality in developing countries [1,2]. The
hallmark of EPEC infection is the attaching and e¡acing
(A/E) lesion often observed in small bowel biopsies taken
from infected patients and in tissue culture cells (for recent
review, see [3]). All the genes required for the formation of
A/E lesions are contained within a 35-kb pathogenicity
island termed the locus of enterocyte e¡acement (LEE)
that encodes a type III secretion system, several secreted
proteins (EPEC secreted proteins or Esps) including EspA,
EspB, EspD and EspF, the outer membrane adhesin, in-
timin and its translocated receptor, termed Tir. EPEC also
harbors a large EPEC adherence factor plasmid (pEAF)
which encodes both the bundle-forming pili (BFP), re-
quired for microcolony formation and production of an
adherence phenotype called localized adherence (LA), and
per regulatory genes involved in the control of BFP and
intimin expression [3].
Atypical EPEC strains express the EPEC O antigens but
do not belong to the serotypes found among true EPEC
strains. These strains carry the intimin gene as well as eae
but lack the EAF sequence and the Shiga toxin genes (stx)
and have been isolated as a sole pathogen from individuals
with acute diarrhea in some countries [1,2,4]. Several eae+/
EAF3/stx3 E. coli strains of non-EPEC serogroups have
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been previously isolated from acute infantile diarrhea in
Brazil [1,5] and were recently submitted to an extensive
genotypic and phenotypic analysis [6]. Strains were found
to interact e⁄ciently with cells, including the Caco-2 hu-
man enterocyte cell line. The aim of the present study was
to analyze the cell association and the cell entry of eae+/
EAF3/stx3 non-EPEC E. coli strains in human intestinal
epithelial cells as a function of cell di¡erentiation and
polarization.
2. Materials and methods
2.1. Bacterial strains and growth conditions
The E. coli strains studied were isolated from cases of
acute infantile diarrhea examined in the Brazilian cities of
Rio de Janeiro [1] and Sa‹o Paulo [5] (Table 1). Three
strains (H104/2, H126/5 and 1461-1) were the only puta-
tive enteropathogens identi¢ed in patients. Strain 0041-1
was found in association with EAEC and strain 0421-1
was associated with EAEC and Shigella £exneri. Bacterial
identi¢cation and O:H serotyping were carried out by
standard procedures [7]. All strains carried the eae gene,
were negative for the stx and EAF gene sequences and did
not belong to EPEC serotypes. Bacterial cultures were
kept frozen at 370‡C in GC broth (Difco Laboratories,
USA) containing 20% glycerol. The EPEC E2348/69 and
E. coli DH5K(K12) strains were used as positive and neg-
ative controls respectively in cell adherence assay, £uores-
cent actin staining (FAS) and immuno£uorescence detec-
tion of phosphotyrosine (PTK) tests.
2.2. Detection of virulence genes by PCR and DNA probes
Speci¢c DNA probes were labeled with [K-32P]dCTP,
and colony hybridization assays were performed as previ-
ously described [1]. The DNA probes used were EAF
(1-kb BamHI^SalI fragment of pJPN16), eae (1-kb SalI^
KpnI fragment of pCVD434) and perA (3.5-kb EcoRI
fragment of pCVD450) [6]. Oligonucleotides and PCR
conditions used for the ampli¢cation of bfpA, stx1, stx2,
hlyA, LT-1, STh, ipaH and pCVD432 gene sequences were
previously described [8^12].
2.3. Eukaryotic cell culture
HeLa cells (ATCC CCL2) were grown in Eagle’s mini-
mal essential medium (MEM; Sigma Chemical Co., USA)
supplemented with 5% fetal calf serum (FCS; Gibco-BRL,
USA) and antibiotics. Human colonic adenocarcinoma
Caco-2 cell line [13] was kindly provided by A. Zweibaum
(INSERM Unite¤ 178, Villejuif, France) and was grown in
Dulbecco’s modi¢ed Eagle’s minimal essential medium
(DMEM; Sigma) supplemented with 10% FCS, 1% non-
essential amino acids, 1% L-glutamine and antibiotics.
2.4. Evaluation of the Caco-2 di¡erentiation state
Cell di¡erentiation was assessed in monolayers incu-
bated for 1, 3, 5, 7, 10, 12 and 14 days by indirect
immuno£uorescence staining of the brush border-associ-
ated marker sucrase-isomaltase, as described previously
[13].
2.5. Cell adherence assay
For adherence assays, monolayers of HeLa and Caco-2
cells were prepared on circular 13-mm glass coverslips in
24-well tissue culture plates (Nunc International, USA).
HeLa cells were used at 70^80% con£uence (48^72 h)
whereas Caco-2 cells were used at con£uence (5 days, un-
di¡erentiated cells) and at post-con£uence (12 days), when
di¡erentiation was complete. Bacterial adherence was ex-
amined by the 6-h test as described previously [1]. Brie£y,
cell monolayers were washed with PBS-D and 1 ml of
fresh medium (MEM or DMEM supplemented with 2%
FCS and 1% D-mannose) was added to the wells. Mono-
layers were infected with 107 bacteria. After a 3-h incuba-
tion period, cell monolayers were washed, covered with
fresh medium and incubated again for 3 h. After two
washes with PBS-D, cells were ¢xed with methanol and
stained with 3% Giemsa stain in phosphate bu¡er (pH 6.5)
for 12 h. The stained coverslips were mounted on glass
slides and examined by light microscopy.
2.6. Fluorescent actin staining (FAS) test
HeLa cells and undi¡erentiated and di¡erentiated Caco-
2 cells were infected with 107 bacteria and the assay was
performed as described previously [1].
2.7. Immuno£uorescence detection of phosphotyrosine
(PTK) test
Tyrosine-phosphorylated proteins were detected in in-
fected HeLa cells as well as undi¡erentiated and di¡eren-
tiated Caco-2 cells by indirect immuno£uorescence, as de-
scribed previously [1].
2.8. Quantitative invasion assay
For invasion assays, undi¡erentiated and di¡erentiated
monolayers of Caco-2 cells were grown in 24-well tissue
culture plates (Nunc). In each assay, uninfected mono-
layers were treated with 1% Triton X-100 for 1 h at
37‡C. The protein concentration was determined by the
CD protein microassay (Bio-Rad, USA) and was used as
an indicator of the relative number of cells present in un-
di¡erentiated and di¡erentiated monolayers. The bacterial
invasion of Caco-2 cells was measured as protection
against amikacin killing. Cell monolayers were washed
and 1 ml of fresh medium (DMEM without antibiotics
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including 1% D-mannose) was added. Each monolayer was
infected with 107 bacteria and after 1-, 3- and 6-h incuba-
tion periods cell monolayers were washed and DMEM
containing amikacin (250 Wg ml31) was added to half of
the cell monolayers. DMEM without antibiotic was added
to the control cell monolayers. After a 1-h incubation,
cells were lysed with 1 ml of 1% Triton X-100 in PBS-D
for 30 min. Samples of cell lysates were removed, diluted
in PBS-D, and plated on TSA. Cell-associated bacteria
corresponded to the number of extracellular (EC) and in-
tracellular (IC) bacteria per mg of protein (CFU (Wg
protein)31) found in lysates from control monolayers
(non-antibiotic-treated) while intracellular bacteria corre-
sponded to CFU (Wg protein)31 counts from amikacin-
treated monolayers. Invasion level was expressed as (IC/
EC+IC)U100%. Experiments were run in triplicate and
repeated independently at least three times with positive
(E2348/69) and negative (DH5K(K12)) controls. Bacterial
viability was una¡ected after incubation (1 h at 37‡C) with
1% Triton X-100.
2.9. Disruption of intercellular junctions and bacterial
interaction with basolateral cell domain
Fully di¡erentiated Caco-2 monolayers were washed
three times with Ca2-free PBS-D and incubated with
Ca2-free DMEM (Sigma) supplemented with 100 WM
ethylene glycol-bis(L-aminoethyl ether)-N,N,NP,NP-tetra-
acetic acid (EGTA) (Sigma) for 1 h prior to infection.
Control monolayers were incubated in DMEM. There-
after, monolayers were washed and fresh Ca2-free
DMEM or DMEM (both supplemented with 1% D-man-
nose) was added to test and control wells, respectively.
Each monolayer was infected with 107 bacteria and the
tissue culture plates were centrifuged for 10 min at
3000Ug. After 1 h of incubation to allow bacterial inter-
action, cells were washed twice and overlaid with fresh
Ca2-free DMEM or with DMEM containing amikacin
(250 Wg ml31). Control monolayers were incubated with
antibiotic-free medium. After a 1-h incubation the cells
were washed twice, lysed and bacterial counts were per-
formed as described above. Experiments were run in du-
plicate and repeated independently at least three times.
S. £exneri was used as a positive control.
2.10. Transmission electron microscopy
Caco-2 cells were grown on a thin layer of type I colla-
gen and infected monolayers were processed and examined
as previously described [1].
2.11. Statistics
The Student’s t-test was used to compare means and
determine signi¢cance (de¢ned as P6 0.05).
3. Results and discussion
The E. coli strains studied did not belong to the classical
EPEC serotypes and among the virulence markers inves-
tigated they carried only the eae gene (strains H104/2,
H126/5 and 1461-1) or the eae and hlyA genes (strains
0041-1 and 0421-1). The cell adherence assays performed
in a 6-h incubation period showed that all strains pro-
duced, in both HeLa and Caco-2 cells, an atypical LA
phenotype (Table 1), characterized by bacteria loosely or-
ganized in groups of various sizes over the cell surfaces,
co-existing with dispersed individual bacteria or compact
bacterial clusters. We found that most strains exhibited
positive results in FAS and tyrosine phosphorylation tests
carried out in HeLa and Caco-2 cells, con¢rming the abil-
ity of these eae+/EAF3/stx3 non-EPEC E. coli to induce
A/E lesions and trigger cell-signaling events.
The small intestinal epithelium is a continuously renew-
ing cell system where proliferative undi¡erentiated cells
located in the base of the crypts di¡erentiate as they mi-
grate along the crypt^villus axis. During migration the
intestinal cells acquire specialized functions and express a
repertoire of surface molecules that may also work as re-
Table 1
Adherence patterns, FAS test and tyrosine phosphorylation (PTK) of the eae+/EAF3/stx3 non-EPEC E. coli and control E. coli strains in HeLa and
Caco-2 cellsa
Strains Originb Serotype Adherence patterns FAS test PTK test
HeLa Caco-2 HeLa Caco-2 HeLa Caco-2
H104/2 RJ O45:NM (LA) (LA) + + + +
H126/5 RJ O?:H33c (LA) (LA) + + + +
0041-1 SP R:H28 (LA) (LA) 3 + 3 3
0421-1 SP O162:H33 (LA) (LA) + + + +
1461-1 SP O11:H16 (LA) (LA) 3 + 3 +
E2348/69 positive control O127:H6 LA LA + + + +
DH5K negative control ^ NA NA 3 3 3 3
NM, non-motile; LA, localized adherence; large, compact bacterial clusters mostly perinuclear ; (LA), atypical LA, see text; NA, non-adherent.
aAll tests were carried out with a 6-h incubation period.
bAcute infantile diarrhea from Rio de Janeiro (RJ) and Sa‹o Paulo (SP), Brazil.
cUntypable with O1-O173 antisera.
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ceptors for bacterial pathogens. It was shown that enter-
ocyte di¡erentiation regulates the cell accessibility of en-
terocyte receptors for bacterial adhesins and invasins [14].
The Caco-2 cell line was used to compare the in£uence of
enterocyte di¡erentiation and polarization on cell associa-
tion and cell invasion abilities of eae+/EAF3/stx3 non-
EPEC E. coli strains and the prototype EPEC E2348/69
strain. Caco-2 cells had their di¡erentiation state assessed
by the detection of indirect labeling of the brush border
marker sucrase-isomaltase (SI). The number of SI-positive
cells increased as a function of the days in culture. At
con£uence (5 days), most cells did not express SI but SI
immunoreactivity increased progressively and at late post-
con£uency (10^12 days) almost all cells displayed the typ-
ical mosaic pattern of SI distribution, as shown by Pinto et
al. [13]. Transmission electron microscopy of post-con£u-
ent monolayers showed well-developed apical microvilli,
distinct apical and basolateral domains, and tight junc-
tions joining adjacent enterocytes (data not shown).
The contribution of invasion to EPEC pathogenesis is
not clear. However, EPEC has been shown to invade non-
polarized and polarized cell lineages and enterocytes from
fragments of animal and human intestines cultivated in
vitro. Intracellular EPEC has also been detected in biop-
sies taken from intestinal mucosa of experimentally in-
fected animals and naturally infected humans [3,15].
Quantitative invasion tests showed that the ability of
eae+/EAF3/stx3 non-EPEC E. coli to invade undi¡eren-
tiated Caco-2 monolayers was signi¢cantly greater (2.5- to
7.5-fold) than their ability to invade fully di¡erentiated
monolayers (Table 2). In contrast, EPEC strain E2348/69
did not show signi¢cative di¡erences from invasion levels
of undi¡erentiated and di¡erentiated monolayers.
The EPEC E2348/69 ability to internalize into non-
phagocytic cells is dependent of intimin binding to tyro-
sine-phosphorylated Tir, however, pEAF genes are not
required for bacterial entry. Hicks et al. [15] showed that
BFP do not appear to be involved in the early steps of
EPEC adhesion to pediatric small intestinal tissue culti-
vated in vitro but rather enhance compact three-dimen-
sional microcolony formation after intimate attachment
and A/E lesion production.
Our eae+/EAF3/stx3 non-EPEC E. coli strains lack
EAF, bfpA and perA gene sequences but have a functional
LEE region and are invasive. The lack of pEAF genes
could explain the small number of compact microcolonies
produced by these strains and the predominance of bac-
teria dispersed over cell surfaces. On the other hand, pro-
duction of large, compact, three-dimensional microcolo-
nies stabilized by BFP could explain the higher rates of
cell-associated bacteria found on Caco-2 monolayers in-
fected by the E2348/69 EPEC strain.
The higher invasion level of eae+/EAF3/stx3 non-
EPEC in undi¡erentiated Caco-2 cells suggests that these
strains invaded polarized Caco-2 cells through the basal
side. Undi¡erentiated, non-polarized epithelial cells ex-
press basolateral markers evenly distributed over the entire
cell surface. The polarization process is characterized by
the presence of tight junctions that segregate plasma mem-
brane molecules in two clearly distinguishable domains,
the apical and the basolateral domains [16]. Thus, mole-
cules involved in bacterial recognition and cell entry may
Table 2
Interaction of eae+/EAF3/stx3 non-EPEC E. coli strains and prototype EPEC E2348/69 strain with undi¡erentiated (5 days) and di¡erentiated
(12 days) Caco-2 monolayers after 1-, 3- and 6-h infections
Strain Time (h) 5 days 12 days
EC+ICa ICb % Of invasion EC+IC IC % Of invasion
H104/2 1 8.7 þ 2.5U101 ^ ^ 7.1 þ 1.4U101 ^ ^
3 7.7 þ 0.2U103 1.8 þ 0.8U102 2.3 þ 1.0 5.8 þ 2.5U103 5.5 þ 1.6U101 1.0 þ 0.1
6 2.0 þ 1.5U104 1.4 þ 1.2U103 6.1 þ 0.9* 2.8 þ 0.3U104 4.0 þ 1.2U102 1.4 þ 0.2
H126/5 1 5.4 þ 2.1U101 4.2 þ 0.8* 7.5 þ 1.4* 5.4 þ 2.0U101 1.6 þ 0.1 2.2 þ 0.7
3 1.1 þ 0.1U103 1.0 þ 0.1U102* 8.7 þ 0.4* 1.9 þ 0.5U103 5.1 þ 1.4U101 2.6 þ 0.6
6 5.1 þ 0.4U103 2.1 þ 0.6U102 4.1 þ 1.2 2.0 þ 0.03U104* 4.4 þ 1.5U102 1.4 þ 0.2
0041-1 1 1.1 þ 0.4U103 2.9 þ 0.1U102* 3,0 þ 0,6* 5.4 þ 0.9U102 2.2 þ 0.2 0.4 þ 0.05
3 1.5 þ 0.2U103 1.0 þ 0.3U102* 6.6 þ 1.0* 2.6 þ 1.5U103 2.8 þ 1.0U101 1.4 þ 0.3
6 7.5 þ 0.8U103 4.2 þ 0.3U102* 5.8 þ 1.2* 2.7 þ 0.2U104* 2.9 þ 0.2U102 1.0 þ 0.1
0421-1 1 1.1 þ 0.4U101 ^ ^ 3.4 þ 0.2U101* ^ ^
3 4.2 þ 0.6U103* 6.7 þ 1.5U101* 1.5 þ 0.1* 2.5 þ 0.2U103 1.7 þ 0.3U101 0.6 þ 0.1
6 2.5 þ 1.2U104 4.7 þ 2.2U102 2.0 þ 0.2* 1.9 þ 0.4U104 1.6 þ 0.2U102 0.8 þ 0.1
1461-1 1 2.2 þ 0.7U103 7.3 þ 2.4U101* 3.3 þ 0.2* 3.1 þ 0.2U103 1.8 þ 0.1U101 0.5 þ 0.03
3 1.1 þ 0.3U104 6.4 þ 1.0U102* 6.9 þ 2.0* 1.2 þ 0.7U104 7.9 þ 1.8U101 1.0 þ 0.3
6 2.2 þ 1.0U104 9.1 þ 0.9U102 5.6 þ 1.9 6.9 þ 0.6U104* 2.6 þ 0.5U103* 3.6 þ 0.5
E2348/69 1 2.0 þ 1.2U103 0.7 þ 0.03 0.06 þ 0.02 2.3 þ 1.2U103 0.7 þ 0.2 0.03 þ 0.01
3 9.6 þ 0.8U104 3.1 þ 0.1U102* 0.3 þ 0.1 3.2 þ 1.6U104 5.5 þ 3.2U101 0.1 þ 0.03
6 4.5 þ 1.3U105 2.8 þ 0.8U103 0.6 þ 0.05 5.5 þ 0.4U105 3.1 þ 0.7U103 0.5 þ 0.1
% Invasion, percentage of IC bacteria relative to IC+EC bacteria. *Signi¢cant di¡erences in bacterial invasion or cell-associated bacteria to undi¡erenti-
ated compared to di¡erentiated Caco-2 monolayers (P6 0.05). Results of three independent tests, performed in triplicate.
aExtracellular+intracellular bacteria (CFU Wg protein31 þ S.D.).
bIntracellular bacteria (CFU Wg protein31 þ S.D.).
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be segregated in the basal side of polarized and di¡eren-
tiated enterocytes. In an attempt to render the basolateral
surface accessible to the bacteria, Ca2 depletion was
achieved by treating post-con£uent monolayers with
Ca2-free medium containing EGTA. Calcium chelators
(EGTA and EDTA) reduce the extracellular calcium con-
centration, which leads to the disruption of cell^cell con-
tacts without inducing cytotoxic e¡ects in Caco-2 cell
monolayers [17]. The uptake of the eae+/EAF3/stx3
non-EPEC E. coli strains tested and EPEC strain E2348/
69 was greatly enhanced (7.8- to 31.5-fold) by pretreat-
ment of cell monolayers with Ca2-free DMEM with
EGTA (Fig. 1). When cells were pretreated with Ca2-
free DMEM without EGTA, invasion levels were compa-
rable to those obtained from pretreatment with Ca2-free
DMEM containing EGTA (data not shown). The en-
hancement of bacterial invasion by exposure of the baso-
lateral surfaces of Caco-2 cells has already been related by
others and at least two di¡erent glycoproteins, L1 integrins
and E-cadherin, have been identi¢ed as the basolateral
receptor molecules required for bacterial entry into enter-
ocytes [14,18].
Most eae+/EAF3/stx3 non-EPEC E. coli have a func-
tional LEE region, allowing bacteria to elicit signal trans-
ducing events that mediate cytoskeletal rearrangement,
production of A/E lesions and bacterial uptake (Fig. 2).
For most of these strains, cell entry is a rather e¡ective
process, wherein a signi¢cant proportion of the enterocyte-
associated bacteria gain access to the intracellular com-
partment through the basolateral cell side. In vivo, several
physiological and pathological factors are known to dis-
rupt the epithelial barrier [19]. When the injury is con¢ned
to the mucosa, the ¢rst response is the rapid induction of
epithelial migration, a process termed restitution [20]. Cells
involved in this process decrease or rearrange the expres-
sion of many di¡erentiation characteristics, especially ba-
solateral molecules involved in the cell^cell and cell^matrix
interactions. Thus, cells engaged in the restitution process
are potential targets for pathogens that gain access to the
intracellular compartment through the basolateral pole.
The pathogenic role of eae+/EAF3/stx3 non-EPEC
E. coli entry through the basolateral pole of human enter-
ocytes remains to be proved.
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